The RAG1/2 endonuclease initiates programmed DNA rearrangements in progenitor lymphocytes by generating doublestrand breaks at specific recombination signal sequences. This process, known as V(D)J recombination, assembles the vastly diverse antigen receptor genes from numerous V, D, and J coding segments. In vitro biochemical and cellular transfection studies suggest that RAG1/2 may also play postcleavage roles by forming complexes with the recombining ends to facilitate DNA end processing and ligation. In the current study, we examine the in vivo consequences of a mutant form of RAG1, RAG1-S723C, that is proficient for DNA cleavage, yet exhibits defects in postcleavage complex formation and end joining in vitro. We generated a knockin mouse model harboring the RAG1-S723C hypomorphic mutation and examined the immune system in this fully in vivo setting. RAG1-S723C homozygous mice exhibit impaired lymphocyte development and decreased V(D)J rearrangements. Distinct from RAG nullizygosity, the RAG1-S723C hypomorph results in aberrant DNA double-strand breaks within rearranging loci. RAG1-S723C also predisposes to thymic lymphomas associated with chromosomal translocations in a p53 mutant background, and heterozygosity for the mutant allele accelerates age-associated immune system dysfunction. Thus, our study provides in vivo evidence that implicates aberrant RAG1/2 activity in lymphoid tumor development and premature immunosenescence. (Blood. 2009;113: 2965-2975)
Introduction
The immense diversity of genes encoding the variable regions of antigen receptors is generated through rearrangement of component V, D, and J segments via a cut-and-paste mechanism known as V(D)J recombination. 1 These site-specific chromosomal rearrangements are initiated in progenitor lymphocytes by the recombination activating gene 1 (RAG1) and RAG2 proteins that comprise a lymphoid-specific endonuclease, RAG1/2. 2,3 DNA double-strand breaks (DSBs) are generated by RAG1/2 at specific recombination signal sequences (RSSs) adjacent to the numerous rearranging V, D, and J coding exons. 4 The broken ends are then processed and joined by ubiquitously expressed nonhomologous end-joining (NHEJ) DNA repair factors, including Ku70, Ku80, the DNAdependent protein kinase catalytic subunit (DNA-PKcs), Artemis, DNA ligase IV, XRCC4 and Cernunnos/XLF. 1, 5, 6 The RAG1/2 endonuclease initially binds to RSSs that are composed of a conserved heptamer and nonamer separated by relatively nonconserved spacer sequences of either 12 or 23 nucleotides. 4 Efficient cleavage requires recombination between one 12 RSS and one 23 RSS in the context of a synaptic, paired complex mediated by RAG1/2. RAG1/2 nicks the duplex DNA at the junction between the RSS heptamer and coding sequences then uses the resulting 3Ј OH in a direct transesterification reaction with the phosphodiester backbone of the opposing strand. The products of RAG1/2 cleavage are blunt, 5Ј phosphorylated signal ends and covalently closed, hairpin coding ends. Sequence elements within the nonconserved 12 and 23 spacers 7 and coding flanks [8] [9] [10] [11] contribute to RAG1/2 interaction with the recombining DNA and strongly influence coding segment utilization. 7 Hence, the efficiency of binding and cleavage of individual RSSs is significantly affected by interactions of the RAG1/2 endonuclease with the heptamer, nonamer, 12 or 23 spacer, and coding sequences.
In addition to an essential role in initiating V(D)J rearrangements, RAG1/2 has been proposed to have important functions subsequent to the generation of DSBs. In vitro biochemical and cellular transfection assays have provided evidence that upon cleavage of the RSSs, the RAG proteins remain associated with the DNA ends in postcleavage complexes. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] The transient cleaved signal complex (CSC), composed of RAG1/2 and the 4 newly generated coding and signal ends, is formed upon generation of the DSBs. [14] [15] [16] The hairpin coding ends are released from this complex and rapidly undergo nicking, processing, and ligation by the NHEJ proteins to form variable coding joints that can contain added or deleted nucleotides. The CSC likely serves to protect coding ends from inappropriate processing and specifically directs them to the NHEJ pathway. The blunt signal ends remain bound to RAG1/2 in a protective, stable signal end complex (SEC) and persist until precisely ligated by the NHEJ factors. 14, 17, 18 In vitro studies of mutant RAG proteins provided evidence for the functional importance of RAG1/2 postcleavage complexes during the joining phase of V(D)J recombination. 16, [19] [20] [21] Of particular relevance here are RAG1 mutants in which serine 723 was replaced by alanine or cysteine. 16 These mutants are proficient for inducing DNA breaks 16, 22 but exhibit defects in the stability of the CSC, which manifest as premature release of the coding ends in biochemical assays. 16 Despite apparently normal interactions with signal ends in vitro, 22, 23 accumulation of signal ends and formation of both coding and signal joints were significantly reduced in transient transfection V(D)J recombination assays as a result of the RAG1-S723C mutation. 16 In this study, we examine the impact of the S723C mutation in a fully in vivo setting through generation and characterization of a mouse model harboring this single amino acid substitution within the endogenous RAG1 locus. We demonstrate that the RAG1-S723C mutation significantly impairs lymphocyte development due to defective chromosomal V(D)J rearrangements and, in a p53 mutant background, results in predisposition to thymic lymphomas associated with chromosomal translocations. We also unexpectedly uncovered an accelerated age-associated immunodeficiency phenotype in RAG1-S723C heterozygous mice. These results have implications with regard to human immunodeficiencies and lymphoid malignancies.
Methods

RAG1-S723C knockin mice
Mice harboring the RAG1-S723C knockin mutation at the endogenous locus were generated via gene targeting. Approval for use of animals in this study was granted by the University of Michigan UCUCA office (protocol number 08758). See Document S1 (available on the Blood website; see the Supplemental Materials link at the top of the online article) for a detailed description of the targeting strategy.
PCR analysis of IgH and TCR rearrangements
DJ H and DJ␤ rearrangements in sorted pro-and pre-B cells and purified double-negative (DN) thymocytes, respectively, were analyzed by polymerase chain reaction (PCR) amplification as described 24, 25 (see Document S1 for details). PCR analyses were repeated 3 times on at least 3 independent samples of genomic DNA. Extrachromosomal D␦2-J␦1 signal joints were analyzed as described. 26 PCR analyses were repeated 3 times on 3 independent sets of genomic DNA samples.
LM-PCR amplification of signal ends
Ligation-mediated (LM)-PCRs were carried out as previously described. 27 Specific modifications to PCR amplification conditions and additional details are described in Document S1. For sequence analysis, the PCRamplified products were either directly subcloned or first electrophoresed through a 1.2% agarose gel to eliminate contamination from nonspecific primer dimer products. PCR analyses were repeated 3 times on 3 independent samples of genomic DNA.
Characterization of tumors
Lymphoid tumors were analyzed by flow cytometry with antibodies against surface B-cell (CD43, B220, IgM) and T-cell (CD4, CD8, CD3, TCR␤, CD44, CD25) markers. Solid tumors were fixed in Bouin solution, paraffin embedded, and analyzed histologically by hematoxylin and eosin staining of sections. Spectral karyotyping was performed either on metaphases from cells derived from the primary tumor (tumors 135, S542) or early passage tumor cells cultured as previously described 28 (all other tumors). Structural aberrations were considered clonal if present in 2 or more metaphases. 29, 30 
Results
Generation of RAG1-S723C mice
To examine the in vivo consequences of the RAG1-S723C mutation on immune system development, we generated a mouse strain harboring this amino acid substitution via gene targeting ( Figure S1 ). The homozygous RAG1-S723C mice, which were housed in a pathogen-free facility, were fertile, born in Mendelian numbers (Table S1) , and survived into adulthood with no obvious developmental defects. Expression of the RAG1-S723C mutant allele was verified by subcloning and sequencing the wild-type and mutant cDNAs from RAG1 ϩ/S723C thymocytes (data not shown). In addition, we analyzed RAG1 protein levels in nuclear extracts from wild-type, RAG1 ϩ/S723C , and RAG1 S723C/S723C thymocytes by Western blot analyses and observed that the RAG1-S723C protein is stable and present at levels comparable with the wild-type protein ( Figure S1 ). Thus, the mutant RAG1 transcript is expressed in developing lymphocytes, and the amino acid substitution does not affect steady-state levels of the RAG1 protein.
RAG1-S723C homozygous mice exhibit impaired lymphocyte development
The impact of the RAG1-S723C mutation on lymphocyte development was initially assessed by examining the thymic cellularity of homozygous mutant mice. We observed a marked decrease (20-to 100-fold) in the number of thymocytes in 4-to 5-week-old RAG1 S723C/S723C mice, indicating a substantial impairment in T-cell development in comparison with wild-type controls (Table 1) . No significant decrease in thymocyte number was observed in RAG1 ϩ/S723C littermates at this age. Flow cytometric analyses of the RAG1-S723C mutant thymocytes were performed to determine the stage at which the developmental block occurs. During T-cell development, progenitors progress from the CD4 Ϫ CD8 Ϫ (DN) stage to the CD4 ϩ CD8 ϩ (double positive, DP) stage upon successful V(D)J rearrangement of the T-cell receptor beta (TCR␤) locus. The majority of thymocytes in the RAG1-S723C homozygous mice were CD4 Ϫ CD8 Ϫ DN progenitors, indicating a severe impairment in T-cell development ( Figure 1A ; Table 1 ). DN thymocytes are divided into 4 subsets (DN1 through DN4) representing distinct developmental stages that can be identified based on CD44 and CD25 expression. Within the TCR␤ locus, D␤ to J␤ rearrangements are initiated as thymocytes transition from the CD44 ϩ CD25 ϩ DN2 to the CD44 Ϫ CD25 ϩ DN3 stage, and V␤ to DJ␤ rearrangements are completed at the DN3 stage. We observed a significant accumulation of CD44 Ϫ CD25 ϩ DN3 cells in the RAG1-S723C homozygous mice, consistent with a defect in TCR␤ rearrangements due to impaired RAG endonuclease function (data not shown). Despite the accumulation of progenitor T cells at the DN3 stage, we consistently observed a small population of thymocytes progress to the CD4 ϩ CD8 ϩ DP as well as CD4 ϩ and CD8 ϩ single-positive (SP) stages in the majority of the RAG1 S723C/S723C mice analyzed ( Figure 1A ; Table 1 ). The DP thymocytes in RAG1-S723C homozygous mice developed into mature CD4 ϩ and CD8 ϩ SP T cells that also expressed surface CD3 and TCR␣␤ in the peripheral lymphoid organs (ie, lymph nodes and spleen) ( Figure  1A , data not shown).
In contrast to the partial T-cell immunodeficiency observed in the RAG1-S723C homozygous mutant mice, the impact on B-cell development was more severe. During B-cell development, the immunoglobulin heavy chain (IgH) locus initially undergoes D H to J H rearrangements during the B220 ϩ CD43 ϩ pro-B stage of development. Subsequent productive V H to DJ H rearrangements allow pro-B lymphocytes to progress to the pre-B stage in which cells lose expression of CD43. Flow cytometric analyses of bone marrow cells isolated from 4-to 5-week-old RAG1 S723C/S723C mice revealed an impairment in B-cell development at the pro-B stage as indicated by an increase in the number and percentage of B220 ϩ CD43 ϩ pro-B cells and a concomitant decrease in B220 ϩ CD43 Ϫ pre-B cells ( Figure 1B ; Table 1 ). This block resulted in an absence of detectable numbers of B220 ϩ IgM ϩ immature B cells in bone marrow and mature B cells in peripheral lymphoid organs in the RAG1-S723C homozygous mutant mice ( Figure 1B) . No significant differences in B-or T-cell populations were observed in RAG1-S723C heterozygous mice compared with wildtype littermates at 4 to 5 weeks of age. Together, these results demonstrate that the RAG1-S723C mutation significantly impairs B-and T-cell development at the stages during which V(D)J recombination is initiated. However, low levels of productive rearrangements do occur in RAG1 S723C/S723C mice as evidenced by the presence of more mature T-cell populations expressing TCR␣␤ and CD3.
Decreased levels of endogenous rearrangements in RAG1-S723C homozygous mice
We next investigated the effects of the RAG1-S723C mutation on endogenous D to J rearrangements to determine whether the observed impairment in lymphocyte development was due to decreased efficiency of chromosomal V(D)J recombination. To address this question, we used a PCR amplification strategy using DNA isolated from developing lymphocytes. We analyzed D␤ to J␤ rearrangements within the TCR␤ locus in thymocytes using PCR primers located 5Ј of D␤1 or D␤2 and 3Ј of the most distal J␤1 or J␤2 segments, respectively. We observed very low levels of D␤1 to J␤1 rearrangements that were detectable only upon digestion of the genomic DNA with the restriction endonuclease, XbaI, which cleaves the locus between D␤1 and the J␤1 segments ( Figure 2A ). In addition, we detected only rare D␤2 to J␤2 rearrangements in RAG1 S723C/S723C thymocytes ( Figure 2A) . Thus, the RAG1-S723C mutation severely impairs D␤ to J␤ rearrangements. Using the same PCR-based assay, we examined the levels of D H to J H rearrangements within the IgH locus in sorted pro-B-and pre-B-cell populations from homozygous RAG1-S723C mice and wild-type controls using a degenerate 5Ј D H RSS primer and a primer 3Ј of the most distal J segment, J H 4. We observed that D H to J H rearrangements were substantially decreased in both the pro-and pre-B-cell populations in the RAG1-S723C homozygous mice ( Figure 2B ).
We also examined levels of the reciprocal V(D)J recombination products that are generated upon ligation of the blunt, 5Ј phosphorylated signal ends. We PCR amplified the signal joints formed between the D␦2 and J␦1 23 and 12 RSSs, respectively, located on stable extrachromosomal circular products that are excised upon rearrangement of the TCR␦ locus. We observed that the RAG1-S723C homozygous mutation results in significantly reduced levels of signal joints ( Figure 2C ). Together, these results indicate that the impairment in B-and T-lymphocyte development observed in RAG1 S723C/S723C mice is due to the diminished ability of the mutant RAG1/2 endonuclease to catalyze endogenous V(D)J recombination.
Qualitative analysis of RAG1-S723C-mediated V(D)J joints
To gain additional mechanistic insights into the consequences of the RAG1-S723C mutation on V(D)J recombination, the sequences of the rare endogenous junctions were analyzed. The hairpin coding ends generated by the RAG1/2 endonuclease undergo several processing steps prior to ligation that can result in gain or loss of nucleotides within the junctions. 1 Endonucleolytic nicking of the hairpins by the Artemis-DNA-PKcs complex at sites away from the apex generates short, palindromic P nucleotides that are incorporated into the coding joints. Nucleotides can also be added via the template-independent DNA polymerase, TdT, or deleted by an undefined mechanism. 
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We used a nested PCR strategy to amplify D to J rearrangements from the endogenous IgH and TCR␤ loci, then subcloned and sequenced the DJ H and DJ␤1 joints, respectively. We found that the coding junctions from both homozygous RAG1-S723C and wildtype mice exhibited the hallmark P and N nucleotide additions as well as small deletions of the coding flanks ( Figure S2 ). In this regard, similar numbers of N nucleotides were observed in RAG1-S723C homozygous and wild-type mice within both the DJ␤1 and DJ H junctions. Likewise, the frequency and length of P nucleotide additions as well as the proportion of deleted coding flanks and extent of deletions in the RAG1-S723C homozygous mutant mice were comparable with those observed in wild-type controls ( Figure S2 ; Document S1).
We also examined the fidelity of signal joining in wild-type and RAG-S723C mice. Precise end ligation of RSS heptamers generates the recognition sequence for the ApaLI restriction endonuclease. We amplified the signal joints formed between the D␦2 and J␦1 RSSs using a nested PCR strategy then digested the products with ApaLI. The PCR-amplified signal joints from wild-type and RAG1-S723C mutant thymocytes were digested to a similar extent (data not shown). Thus, the low-level endogenous coding and signal joints in the RAG1-S723C homozygous mice are structurally similar to those observed in wild-type mice.
Steady-state levels of signal ends in RAG1-S723C homozygous mice
To address whether the RAG1-S723C mutation had an impact on the generation and/or stability of V(D)J ends in vivo, we examined the steady-state levels of signal ends in developing lymphocytes using LM-PCR. Double-stranded DNA linkers were ligated to the blunt, 5Ј phosphorylated ends present in genomic DNA isolated from progenitor lymphocytes. The ligation products were then PCR amplified using primers designed to detect signal ends at different rearranging segments, and specific LM-PCR products were identified by Southern blot analysis.
Signal ends located 5Ј of J␤2.7 and 3Ј of D␤1 within the TCR␤ locus were readily detected in sorted CD4 Ϫ CD8 Ϫ DN thymocytes from RAG1 S723C/S723C mice compared with controls ( Figure 3A ). However, a severe reduction in LM-PCR products corresponding to signal ends 3Ј of D␤2 ( Figure 3A ) as well as 5Ј of D␦2 and 5Ј of the J␤1.1-1.4 segments was observed (data not shown). We also performed LM-PCR analyses on genomic DNA from sorted B220 ϩ CD43 ϩ pro-B cells and observed abundant products corresponding to cleavage events within the J H region of the IgH locus in the homozygous mutant mice. In contrast, signal ends 5Ј of DFL16.1 were undetectable ( Figure 3B) . Together, these results demonstrated that the mutant RAG1/2 endonuclease possesses substantial cleavage activity at a subset of RSSs in vivo. However, the RAG1-S723C mutation also significantly reduced levels of cleaved signal end intermediates at other RSSs examined.
During our analyses of signal ends within the J H locus, we consistently noted the presence of abundant LM-PCR products in RAG1 S723C/S723C pro-B cells that were not of the predicted sizes ( Figure 3B ). We subcloned and sequenced the products to identify the positions of the DSBs, which presumably were blunt and 5Ј phosphorylated as is required for successful linker ligation. In the RAG1 S723C/S723C pro-B cells, we observed that only 4 of the 49 sequences represented intact J H signal ends ( Figure 3C ). The majority of DNA ends in the mutant pro-B cells were located at aberrant positions between 1 and 558 nucleotides away from the endogenous RSSs. In control pro-B cells, LM-PCR products emanating from DNA ends outside of the J H RSSs were also observed; however, the proportion of expected cleavage events was considerably higher compared with the RAG1-S723C homozygous mutant mice (14 of 32 sequences, P ϭ .003) ( Figure 3C ). These findings provide evidence that dysfunctional RAG1/2 activity can generate aberrant DNA ends in vivo that do not participate in normal V(D)J recombination. Genomic DNA from purified DN thymocytes from RAG1 ϩ/ϩ (WT) and RAG1 S723C/S723C (S723C) mice and a nonrearranging tissue (tail) was PCR amplified to detect D␤1 to J␤1 and D␤2 to J␤2 rearrangements. For D␤1 to J␤1 rearrangements, genomic DNA was first digested with the XbaI restriction endonuclease. Control PCR amplification of a nonrearranging locus was performed to normalize levels of input DNA. Rearrangements were detected by Southern blot hybridization using an oligonucleotide probe. Experiments (A-C) were repeated 3 times with genomic DNA samples from 3 different sets of mice; representative results are shown. (B) IgH rearrangements. Genomic DNA from sorted pro-and pre-B-cell populations from RAG1 ϩ/ϩ (WT) and RAG1 S723C/S723C (S723C) mice and a nonrearranging tissue (kidney) was PCR amplified to detect DH to JH rearrangements. (C) Endogenous TCR␦ signal joints. Levels of extrachromosomal signal joints formed between TCR D␦2 and J␦1 RSSs were detected by PCR amplification of genomic thymocyte DNA isolated from RAG ϩ/ϩ (WT) and RAG1 S723C/S723C (S723C) mice and a nonrearranging tissue (tail). Vertical lines have been inserted to indicate repositioned gel lanes.
Examination of Omenn syndrome phenotypes
Inactivating mutations in RAG1 and RAG2 cause T Ϫ B Ϫ severe combined immunodeficiency (SCID) in human patients, whereas hypomorphic mutations are associated with combined immunodeficiency syndromes of varying severity, including Omenn syndrome (OS) and atypical or leaky SCID. 31 Interestingly, the same missense, partial loss of function mutations can result in distinct clinical presentations, possibly due to genetic background and/or environmental factors. 31 Whereas RAGdependent immunodeficiencies lead to a broad range of phenotypes, OS patients exhibit a distinct combination of immunodeficiency and autoimmune features. 32, 33 OS patients are characterized by reduced or absent B cells and substantial, variable numbers of oligoclonal T cells, as well as autoimmune symptoms that manifest as early onset, generalized erythroderma and colitis. Additional OS phenotypes include enlarged lymphoid tissue, eosinophilia, low serum immunoglobulins, elevated serum IgE, hepatosplenomegaly, alopecia, chronic diarrhea, and failure to thrive. In atypical or leaky SCID, T cells are detectable in the periphery, although at reduced numbers, and the patients exhibit less severe immunopathological manifestations in the skin or gastrointestinal tract. 31 As the RAG1-S723C hypomorphic mutation leads to a T ϩ B Ϫ SCID phenotype similar to that observed in RAG-dependent human immunodeficiencies and OS mouse models, 34, 35 we assessed several key immunopathological phenotypes in RAG1 S723C/S723C mice.
We observed that RAG1-S723C mutant mice did not develop the characteristic OS clinical manifestations, including alopecia, erythroderma, hepatosplenomegaly, lymphoadenopathy, failure to thrive, diarrhea, and colitis (Table S2) . We found that the majority of RAG1-S723C mutant mice exhibited lower serum IgE levels compared with controls; however, a subset of mice did exhibit 5-to 10-fold higher levels ( Figure  S3A ). The RAG1-S723C mutation also resulted in dramatically reduced levels of thymic and peripheral ␥␦ T cells, which have been reported at normal or elevated levels in a subset of patients harboring RAG1 mutations 36,37 ( Figure S3B ; Table S3 ). In addition, we observed significantly decreased, yet detectable, numbers of natural killer T (NKT) cells in RAG1 S723C/S723C mice ( Figure S3C ; Table S3 ). RAG1-S723C homozygous mice had similar numbers of eosinophils compared with controls as determined by flow cytometry, indicating the absence of the characteristic eosinophilia associated with OS ( Figure S3D ; Table S3 ). Thus, overall, this phenotype is not suggestive of OS and rather resembles leaky SCID that has been reported in a subset of human subjects with hypomorphic RAG mutations.
RAG1-S723C heterozygosity causes accelerated age-dependent depletion of B and T lymphocytes
The lymphocyte development phenotypes of younger (3-5 weeks old) RAG1 ϩ/S723C mice were indistinguishable from wild-type controls; however, we hypothesized that the RAG1-S723C mutant protein may act in a dominant-negative manner since RAG1 functions in the context of a multimeric complex with RAG2. 38 It is For personal use only. at Harvard Libraries on May 20, 2009. www.bloodjournal.org From well established that aging results in diminished immune system function associated with reduced lymphocyte production in the bone marrow and thymus, decreased levels of V(D)J rearrangements, and accumulation of oligoclonal mature B and T cells. 39, 40 Thus, we explored the possibility that aged RAG1-S723C heterozygous mice would exhibit immune system defects.
We observed that older (12 months) RAG1 ϩ/S723C mice exhibit a dramatic impairment in T-cell development as evidenced by a significant decrease in number and percentage of CD4 ϩ CD8 ϩ DP thymocytes compared with age-matched wild-type controls ( Figure 4A ; Table S4 ). In the bone marrow, significantly fewer B220 ϩ CD43 ϩ pro-B cells progressed to the B220 ϩ CD43 Ϫ pre-B and B220 ϩ IgM ϩ stages of development ( Figure 4B ; Table S4 ). The impairment in B and T lymphopoiesis in aged RAG1 ϩ/S723C mice was associated with significantly reduced levels of D to J and V to DJ rearrangements in thymocytes and bone marrow cells compared with age-matched controls (data not shown). In addition, consistent with the established phenotypes of aging mice, RAG1-S723C heterozygosity did not reduce the number of SP T cells or IgM ϩ B cells in the periphery 39, 40 (Figure 4 ; Table S4 ). Older RAG1 S723C/S723C mice exhibited a similar impairment in B-and T-cell development as observed in younger mice (Figure 4) .
The RAG1-S723C mutation leads to interlocus trans-rearrangements and thymic lymphomas
Our results indicating aberrant generation of broken DNA ends in RAG1-S723C homozygous mice led us to hypothesize that the DSBs may engage in chromosomal translocations. To address this question, we determined whether interchromosomal V(D)J rearrangements between the TCR␥ and TCR␤ loci, which are located on chromosomes 13 and 6, respectively, were present in RAG1-S723C mutant thymocytes using a nested PCR approach. 41 Interchromosomal trans-rearrangement is a predictor of global chromosomal translocations [41] [42] [43] [44] and occurs at elevated frequencies in thymocytes that harbor mutations in genes that predispose to lymphoid neoplasia, including ATM, [44] [45] [46] [47] DNA-PKcs, 41 and Nbs1. 43, 44 We detected PCR products corresponding to trans-rearrangements between TCR␥V3S1 and TCR␤J2 in RAG1-S723C mutant thymocytes as well as ATM-null thymocytes ( Figure 5A ). In contrast, we did not readily observe interchromosomal rearrangements in wildtype, p53 Ϫ/Ϫ , or RAG2 Ϫ/Ϫ thymocytes, as previously reported. 41, 43, 44 The PCR products from RAG1-S723C mutant thymocytes were subcloned and sequenced to verify that they represented the predicted interchromosomal events. We observed several unique clones containing flanking sequence from TCR␥V3S1 and TCR␤J2 ( Figure 5A ). The junctions contained N and P nucleotides and small deletions, similar to the coding joints analyzed from intrachromosomal V(D)J recombination events in the RAG1 S723C/S723C mice ( Figure 5A ).
The occurrence of TCR␥-TCR␤ trans-rearrangements in RAG1 S723C/S723C thymocytes suggested that DSBs generated by the mutant RAG1/2 endonuclease could engage in aberrant chromosomal translocations; thus, we examined the RAG1-S723C mutant mice for tumor predisposition. We observed that the RAG1-S723C homozygous mutation alone does not predispose to tumorigenesis, as the mutant mice survive tumor free beyond 12 months of age. To enhance the oncogenic potential of unrepaired DNA DSBs, we introduced p53 deficiency into the RAG1-S723C mutant background through mouse breedings. We observed that RAG1 S723C/S723C p53 Ϫ/Ϫ mice exhibit a significant decrease in survival in comparison with the p53 Ϫ/Ϫ cohort (RAG1 ϩ/S723C p53 Ϫ/Ϫ and RAG1 ϩ/ϩ p53 Ϫ/Ϫ mice; P ϭ .017, log-rank test) and controls (P Ͻ .001) ( Figure 6A ). All of the RAG1 S723C/S723C p53 Ϫ/Ϫ mice succumbed to tumorigenesis, and the majority of tumors observed were immature TCR␤ Ϫ T-cell lymphomas (90% , Table S5 ). In comparison, although the control p53 Ϫ/Ϫ cohort was also predominantly predisposed to T-cell lymphomas (66% , Table S5 48, 49 ), the majority of these tumors (16 of 23 thymic lymphomas) were surface TCR␤ ϩ , indicating they emanated from later stages of T-cell development compared with the RAG1-S723C/p53 mutant tumors (P Ͻ .001, 2-tailed Fisher exact test). Solid tumors and surface IgM ϩ B-cell lymphomas were frequently observed in the p53 Ϫ/Ϫ cohort (12 of 35 tumors), whereas 3 of the 31 mice in the RAG1 S723C/S723C p53 Ϫ/Ϫ cohort succumbed to solid tumors (P ϭ .02, 2-tailed Fisher exact test), and no lymphoid tumors other than TCR␤ Ϫ T-cell lymphomas were observed (Table S5) .
We analyzed the rearrangement status of the TCR␤ locus in the RAG1 S723C/S723C p53 Ϫ/Ϫ lymphomas to assess the molecular events that occurred in the tumors. We performed Southern blot analyses of EcoRI-digested genomic DNA isolated from the RAG1-S723C/ p53 double-mutant tumors using a probe located 5Ј of D␤1 ( Figure  5B ). The majority of tumors exhibited D-J␤1 rearrangements on one of the 2 alleles. As D␤ to J␤ rearrangements are severely reduced in RAG1 S723C/S723C thymocytes (Figure 2A) , the relative intensities of the germline and rearranged bands observed in DNA isolated from tumor cells suggest that the rearrangements are clonal. We also examined the D␤1 to J␤1, D␤2, and J␤2 and V␤8 to DJ␤1 rearrangements via PCR amplification and observed several tumors harboring specific D-J␤ or V-DJ␤ rearrangements ( Figure 5C ). Together, these results indicate that the mutant RAG1-S723C/RAG2 endonuclease was active in generating DSBs in progenitor lymphocytes from which the tumors emanated, and the lymphomas are of a clonal origin.
To determine whether the RAG1 S723C/S723C p53 Ϫ/Ϫ lymphomas were distinct from those caused by p53 deficiency alone, we analyzed the karyotypes of metaphases from primary and early passage cultured tumor cells using spectral karyotyping (SKY), a multicolor chromosome painting technique. Thymic lymphomas Figure 5 . Rearrangements in RAG1-S723C thymocytes and RAG1-S723C/p53 double-mutant thymic lymphomas. (A) TCR␥V3S1 (chr 13) to TCR␤J2S7 (chr 6) interchromosomal trans-rearrangements were PCR amplified from genomic thymocyte DNA isolated from mice of the indicated genotypes (top panel). S723C indicates RAG1 S723C/S723C ; Kid, kidney. Products corresponding to trans-rearrangements were detected by Southern blot analysis. Levels of rearrangements were normalized to PCR amplification of a nonrearranging locus (middle panel). Representative results are shown. Vertical lines have been inserted to indicate repositioned gel lanes. PCR products corresponding to TCR␥V3-TCR␤J2 rearrangements in RAG1-S723C thymocytes were subcloned and sequenced (bottom panel). Coding sequences for TCR␥V3 and TCR␤J2 are shown in boxes (bold); nucleotides added (center column) include P nucleotides (underlined) and N nucleotides; number of clones of each sequence are indicated. (B) Genomic DNA isolated from RAG1-S723C/p53 doublemutant lymphomas was digested with EcoRI then analyzed by Southern blot. D␤1 to J␤1 rearrangements were detected using a probe located 5Ј of the D␤1 segment (diagram). Individual tumors are indicated, top. C indicates wild-type thymus DNA; Kid, nonrearranging tissues; GL, unrearranged, germline band; and R, D-J␤1 rearrangements. Amounts of input DNA were normalized to a nonrearranging locus (LR8). (C) PCR amplification of D␤1 to J␤1, D␤2 to J␤2, and V␤8 to DJ␤1 rearrangements were performed as described in Figure 2A using genomic DNA (250 ng) isolated from RAG1-S723C/p53 double-mutant lymphomas (tumor numbers indicated, top), wild-type thymocytes (C), and a nonrearranging tissue (tail). Input DNA levels were normalized to a nonrearranging locus (ATM). Vertical lines have been inserted to indicate repositioned gel lanes. , RAG1 S723C/S723C , n ϭ 39), p53 Ϫ/Ϫ (RAG1 ϩ/ϩ p53 Ϫ/Ϫ , RAG1 ϩ/S723C p53 Ϫ/Ϫ , n ϭ 35), and RAG1 S723C/S723C p53 Ϫ/Ϫ (n ϭ 31) mice was observed for a period of 35 weeks. Kaplan-Meier survival curves were compared using the 2-tailed log-rank test with a 95% confidence interval (RAG1 S723C/S723C p53 Ϫ/Ϫ vs p53 Ϫ/Ϫ cohorts, P ϭ .017; RAG1 S723C/S723C p53 Ϫ/Ϫ vs control cohorts, P Ͻ .001). (B) RAG1 S723C/S723C p53 Ϫ/Ϫ thymic lymphomas harbor chromosomal translocations and fusions. DAPI staining (left panels) and SKY analysis (right panels) of tumors S542 and S922 containing clonal chr 15;15 and 12;12 short-arm fusions and t(14;8) translocations, respectively. Arrows indicate translocated chromosomes.
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that arise in p53-deficient mice usually feature aneuploidy without clonal translocations, 28, 30, [50] [51] [52] [53] [54] although clonal chromosomal aberrations have been observed in a small subset of p53 Ϫ/Ϫ lymphomas in a mixed C57BL/6;129/Sv genetic background (M. Gostissa and F.W.A., unpublished, August 2007). RAG-null mice in a p53 mutant background are also predisposed to thymic lymphomas 51, 55 ; however, similar to the p53-null tumors, they are characterized by aneuploidy and do not harbor clonal translocations involving rearranging loci. 51 Thus, in the absence of RAG-induced DSBs, clonal translocations are not a common feature of the lymphomas in p53 deficiency. Furthermore, inactivation of NHEJ genes, which are required for joining of V(D)J ends, does not increase the frequency of oncogenic translocations in the RAG/p53 double-null background. In this regard, thymic lymphomas that arise in Ku80 Ϫ/Ϫ RAG2 Ϫ/Ϫ p53 Ϫ/Ϫ mutant mice lack clonal translocations, 50 and XRCC4 Ϫ/Ϫ RAG2 Ϫ/Ϫ p53 Ϫ/Ϫ mice die without any sign of lymphoma. 56 Interestingly, DNA-PKcs mutation in a RAG2 Ϫ/Ϫ p53 Ϫ/Ϫ background leads primarily to progenitor Bcell malignancies associated with translocations involving chromosomes without V(D)J loci, 57 thereby leading to the notion that DNA-PKcs deficiency leads to accumulation of unrepaired random DSBs that engage in oncogenic events.
We found that 6 of the 7 RAG1 S723C/S723C p53 Ϫ/Ϫ lymphomas contained chromosomal translocations and/or short-arm fusions in a clonal population of tumor cells ( Figure 6B ; Table 2 ). We observed 2 tumors with translocations involving chromosomes that harbor rearranging TCR loci (chr 6 and 14) , suggesting that the clonal events were initiated by the mutant RAG1-S723C/RAG2 endonuclease. Intriguingly, we also observed clonal translocations involving chromosomes lacking V(D)J loci. We also performed SKY analyses on several thymic lymphomas arising in RAG1 ϩ/S723C p53 Ϫ/Ϫ mice, as our analyses of lymphocyte development in older mice indicated that heterozygosity for the S723C mutation may confer additional phenotypes. We found that RAG1 ϩ/S723C p53 Ϫ/Ϫ lymphomas also harbored clonal chromosomal translocations ( Table 2 ). The thymic lymphomas arising in our p53-null cohort were largely characterized by aneuploidy with one harboring a clonal translocation, consistent with previous studies. 28, 30, [50] [51] [52] [53] [54] Thus, the RAG1-S723C/p53 thymic lymphomas featuring frequent clonal translocations and fusions are karyotypically distinct from the p53 Ϫ/Ϫ lymphomas.
Discussion
Leaky severe combined immunodeficiency due to the RAG1-S723C hypomorphic mutation
In this study, we examined the in vivo phenotypic impact of a RAG1 mutation, S723C, shown previously to have a minimal effect on RAG1/2 cleavage activity, but a significant impact on postcleavage complex formation and end joining in vitro. 16 We found that mice harboring the gene-targeted RAG1-S723C homozygous mutation exhibit a significant impairment in lymphocyte development at the stages when V(D)J rearrangements occur. In contrast to RAG1-and RAG2-null mice, we observed "leaky" T-cell development in RAG1-S723C mutant mice, as evidenced by small populations of CD4 ϩ CD8 ϩ DP thymocytes and mature peripheral CD4 ϩ and CD8 ϩ SP T cells expressing surface TCR␣␤. In addition, D to J rearrangements were observed by PCR amplification in RAG1-S723C mutant developing lymphocytes. Hence, mice harboring the RAG1-S723C hypomorphic allele can be clearly distinguished from RAG nullizygosity by the ability to catalyze a low level of productive V(D)J recombination events in vivo. The phenotypes of RAG1-S723C mice more closely parallel those of human leaky We detected substantial levels of signal ends at a subset of endogenous RSSs, indicating that the RAG1-S723C mutant enzyme was capable of efficiently binding and cleaving these RSSs. However, accumulation of signal ends at other RSSs was significantly reduced or undetectable. We also observed numerous aberrant DNA ends within the rearranging J H locus in developing mutant B lymphocytes. This phenotype is unique to the RAG1-S723C mice as RAG1/2 cleavage products of unpredicted sizes have not been reported in NHEJ deficiencies 26, [58] [59] [60] [61] [62] nor in truncated, "core" RAG1 63 or core RAG2 knockin mice. 64 Together, these findings indicate that the RAG1-S723C mutation results in aberrant DNA DSB formation during lymphocyte development. We propose the following, not mutually exclusive, explanations to account for the observed in vivo signal end phenotypes. The RAG1-S723C mutation may destabilize binding to the cleaved DNA ends, thereby leading to their deprotection and subsequent degradation. This molecular defect would result in the severe reduction or absence of signal ends observed in RAG1-S723C developing lymphocytes. Likewise, the LM-PCR products of unexpected sizes within the J H locus could result from nucleolytic resection resulting in blunt end structures, consistent with the notion that the signal ends are prematurely released from postcleavage complexes and rendered susceptible to degradation. Although the RAG1-S723C mutation did not significantly destabilize SECs in biochemical 23 and transient transfection homologous recombination assays using core RAG1-S723C and core RAG-2 proteins, 22 this mutation may have a greater impact in our studies that examined the full-length RAG1/2 proteins and V(D)J rearrangements in the normal context of a chromosome. In this regard, in cellular transfection V(D)J recombination assays, full-length RAG1-S723C/RAG2 severely reduced accumulation of signal ends, whereas core RAG1-S723C/core RAG2 had a significantly milder effect, 16 thereby indicating that the truncated portions of the proteins may play a role in modulating the stability of signal end complexes. Thus, our in vivo findings of reduced accumulation of intact signal ends in developing lymphocytes parallel the in vitro studies using the full-length RAG1-S723C protein. 16 Alternatively, the severely reduced levels of signal ends at particular RSSs in RAG1-S723C developing lymphocytes could be due to decreased cleavage activity in the context of chromosomal V(D)J recombination. The sequence composition of the heptamer, nonamer, 12 and 23 spacers as well as coding flanks influences the RSS cleavage efficiency by RAG1/2. 4,7-11 Thus, some RSSs may represent poor substrates for binding or cleavage by the mutant RAG1-S723C/RAG2 endonuclease. Although a computational model 65 developed to assess the recombinogenic potential of RSSs did not identify specific sequence elements that correspond to the different levels of intact signal ends observed in our study, additional factors, such as proximity to adjacent sequence elements and/or chromatin context of individual RSSs, [66] [67] [68] may influence cleavage efficiency by the mutant endonuclease. Our observations also raise the intriguing possibility that the S723C mutation alters or loosens the cleavage specificity of the RAG1/2 endonuclease. The S723 residue resides within a central domain of RAG1 (amino acids 528-760 of 1040) that binds with sequence specificity to RSSs. 38 Biochemical studies of purified RAG1-S723C indicate that this amino acid is important for proper interactions with flanking coding region DNA during both precleavage and postcleavage events. 23 Thus, perturbations in specific contacts between RAG1/2 and the recombining DNA may alter cleavage activity.
What are the potential consequences of aberrant DNA cleavage by a dysfunctional RAG1/2 endonuclease? Cleavage of cryptic RSSs or non-B conformation DNA structures by RAG1/2 has been hypothesized as one mechanism by which oncogenic chromosomal translocations arise in some human lymphoid malignancies. 69, 70 In addition, unbiased scans of human and murine genomes revealed cryptic RSSs that can be efficiently cleaved by RAG1/2, 71, 72 indicating that abundant cleavage sites outside of the antigen receptor loci exist in mammalian genomes. A mutant RAG1/2 endonuclease with altered or loosened cleavage specificity could more frequently generate DNA breaks at the numerous cryptic RSS sequences or non-B form structures present in the genome. Furthermore, premature release of V(D)J ends in developing lymphocytes would result in accumulation of unprotected, unrepaired DSBs. Aberrant DNA ends generated by a dysfunctional RAG1/2 endonuclease via either mechanism possess significant potential to engage in oncogenic chromosomal translocations.
In this regard, we found that RAG1-S723C/p53 double-mutant mice are predisposed to thymic lymphomas that harbor frequent chromosomal translocations. Two of the 7 RAG1 S723C/S723C p53 Ϫ/Ϫ tumors harbored chromosome 6 or 14 translocations, consistent with the notion that RAG1-S723C/RAG2-induced DNA DSBs at the rearranging TCR loci may engage in aberrant repair events. Intriguingly, 4 of the 7 RAG1 S723C/S723C p53 Ϫ/Ϫ lymphomas contained translocations and short-arm fusions that involve the chromosomes lacking rearranging TCR loci. We speculate that the S723C mutation may permit more frequent endonucleolytic cleavage of cryptic RSSs or non-B form DNA structures within the genome, thereby generating substrates for aberrant DSB repair events, including chromosomal translocations.
RAG1-S723C heterozygosity results in accelerated age-associated immune system decline
We observed an accelerated onset of the hallmark signs of age-associated immune system dysfunction in RAG1-S723C heterozygous mice compared with age-matched wild-type controls. Aging in humans and mice causes a reduction in lymphocyte production in the thymus and bone marrow leading to an accumulation of oligoclonal populations of mature peripheral lymphocytes. 39, 40 This, in turn, results in a decline in antigen-specific immune responses in aged individuals. Twelve-month-old RAG1-S723C heterozygous mice exhibit significant defects in B-and T-cell development as evidenced by fewer CD4 ϩ CD8 ϩ DP thymocytes as well as decreased numbers of B220 ϩ CD43 Ϫ pre-B and B220 ϩ IgM ϩ B cells in the bone marrow. Thus, although the molecular mechanisms underlying age-associated immunosenescence remain unclear, our results suggest that defective RAG1/2 activity can influence the rate of decline of immune system function. These findings have potential implications for human disease as heterozygous carriers of inherited RAG1 or RAG2 hypomorphic alleles may be predisposed to early onset immune system dysfunction.
In summary, the RAG1-S723C knockin mutant mouse represents a unique model of leaky SCID. We have demonstrated that the RAG1-S723C hypomorphic mutation leads to impaired lymphocyte development, decreased V(D)J rearrangements, aberrant DNA cleavage and/or premature end release, and potentially oncogenic rearrangements in vivo. Our studies also revealed that older RAG1-S723C heterozygous mice exhibit accelerated onset of age-associated immune system dysfunction. Together, these findings suggest that hypomorphic mutations in the RAG1 or RAG2 genes in the human population not only cause combined immunodeficiencies but may also predispose to tumorigenesis and premature immunosenescence.
